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Abstract 

A new procedure for regularizing Feynman integrals in the noncovari- 
ant Coulomb gauge V-A a = is proposed for Yang- Mills theory. The 
procedure is based on a variant of dimensional regularization, called 
split dimensional regularization, which leads to internally consistent, 
ambiguity-free integrals. It is demonstrated that split dimensional 
regularization yields a one- loop Yang-Mills self-energy, H^ u , that is 
nontransverse, but local. Despite the noncovariant nature of the Coul- 
omb gauge, ghosts are necessary in order to satisfy the appropriate 
Ward/BRS identity. The computed Coulomb-gauge Feynman inte- 
grals are applicable to both Abelian and non-Abelian gauge models. 
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1 Introduction 



The quantization of non-Abelian gauge theories in the noncovariant Coulomb 
gauge, 

V-l a = 0, (1) 

has perplexed theorists for decades |IJ]. Despite numerous analyses and inge- 
nious attempts over the past 30 odd years |2J, |, |, |, §, 0, § |, JTO], [IT], 0, [LJ, 
|I~4] , [X5| , [Tj], [H], [18], [19], |20], [2"H , the Coulomb gauge has remained an enigma, 



especially for non-Abelian gauge models [22, 23[ [24], |25|, 56, ZJJ . This assess- 
ment may come as somewhat of a surprise in light of the progress made for 
other noncovariant gauges, notably the light-cone gauge n-A a = 0, n 2 = 0, 
and the temporal gauge n ■ A a = 0,n 2 > 0, being an arbitrary, fixed 
four- vector |, |j| |9|, |Q|. 

Our understanding and technical know-how of these axial-type gauges 
make it particularly hard to understand why quantization and renormaliza- 
tion in the Coulomb gauge (also called the radiation gauge) should have been 
so elusive ]31| . Could it really be that this gauge is endowed with character- 
istics that defy proper definition? To answer this question, and in view of the 
tremendous range of applicability of the Coulomb gauge in physics generally 
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32, 33, 34, 351 



EIL 42, 43, 44 



we have decided to take another look at this baffling gauge. 

It almost goes without saying that the spurious singularities in the Coul- 
omb gauge arise specifically from the three-dimensional factor (<f 2 ) -1 in the 
gauge propagator G ab v (q) 



-i5 ab 



(27r) 4 (g 2 + ie) 



n 



'%q v - q-n(q^n v + q v n^ 



-Q' 



(2) 



where 



^2 2 

q =%- 

diag(# Ml/ ) 



q\ 



e>0, n,v = 0,1,2,3, 
+1,-1,-1,-1). 



[1, 0,0,0), 



Use of this propagator in the gluon self-energy calculation gives rise to inte 
grals such as 

d 4 g q 2 Q 



[(g + p) 2 + ie]g 2 ' (3) 
in which the integration over q is UV-divergent because go is absent from 
q 1 . Such divergences in the energy integral create subtle difficulties for the 
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Coulomb gauge which do not occur in other popular noncovariant gauges. 
Although we could express (<f 2 ) -1 in covariant form, i.e. 

L = ! , (4 ) 

q 2 (q-n) 2 — q 2 

we shall refrain from using this notation, since it deflects attention from our 
main goal, which is to find a prescription for ((f 2 ) -1 directly, rather than in 
the limiting form 

g 2 = lim[A(g-n) 2 -g 2 ]. (5) 

A — ^1 

Accordingly, the purpose of this article is three-fold: 

1. To propose a new procedure, called split dimensional regularization, 
for computing Feynman integrals in the noncovariant Coulomb gauge. 



2. To apply the new technique to the one- loop Yang-Mills self-energy II' 



ab 



3. To check the appropriate Ward/BRS identity, and hence the value of 
IP 6 . 

Our paper is organized thus. In Section 2 we summarize the Feynman 
rules and state the unintegrated expression for the gluon self-energy to one- 
loop order. The new procedure for evaluating Feynman integrals is explained 
in Section 3 and illustrated there by several examples. The computation of 
n^, is discussed in Section 4. In Section 5, we examine the ghost contribu- 
tions and verify the appropriate Ward/BRS identity. The main features of 
our calculation are summarized in Section 6. Finally, we enumerate in the 
Appendix some of the integrals needed for the determination of II® 6 . 

2 Feynman Rules 

The Lagrangian density for pure Yang-Mills theory in the Coulomb gauge, 
^ ^ \dx y dy' dz) ' ^ 



may be written in the form [53 



£' = £- — (FfA b ^ 2 , a = gauge parameter, a -> 0, (7) 
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where 



■ah 



n-d 



n,, 5' 



ah 



rr 



0,1,2,3, 



Tin = (no,n) 



;i,o), 



n 



and 



~(Fp 2 + {J; + uf^pW - \gf abc K a 



C = d^-d^ + gf^Al, 



V 



ah 



5 abg +gf abc A c 



Here, g is the gauge coupling constant, f abc are group structure constants, 
and denotes a massless gauge field with a = 1, . . . , iV 2 — 1, for SU(N); 
u a ,uf represent ghost, anti-ghost fields, respectively, while J® and K a are 
external sources; the quantities J^,u a ,uJ a are anti-commuting. The action, 
S — J d 4 x£, is invariant under the following Becchi-Rouet-Stora transforma- 
tions 



5u a 



\V ab uj\ 



--Xgf^u"^, 



(8) 



5u a 



a 



A being an anti-commuting constant. 

The Feynman rules may be summarized as follows. The gauge boson 
propagator in the Coulomb gauge has already been listed in Eq. (|) as [d 



-i5 ab 



(2vr) 4 (g 2 + ie) 
e > 0, with components 

G °° " (27T) V ' 

-i5 ab 



'n 2 q^q u - q-n(q^n u + q u n^) 



riab 
U i0 



riab 



1,2,3, 



/~iab _ 

11 ~ (2vr) 4 (g 2 + ie) 



6 i:j + 



hJ 



1,2,3. 



The three- gluon vertex JT|, [5l| reads 

V$ c p (p,q,r) = gr bc {2^5\p + q + r) 



g^ip - q) P + g vp {q - r)^ + g Pil {r - p) L 



(9) 



(10) 
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Figure 1: One-loop gluon self-energy diagram. 



and the scalar ghost propagator (cf. Eq. (3.2) of ||53||), 

iS ab 



ghost 



(12) 



(2vr) 4 g 2 ' 

The unintegrated expression for the one-loop gluon self-energy (Figure 1) 
in four- dimensional Minkowski space, is then given by: 



<(p) 



d 4 <? g m {q + 2p) a - g aa (2q + p)^ + g a/x (q - p) a 



(q + p) 2 + ie 

n 2 (q + p) a (q + p)@ — (q + p) -n[(q + p) a n^ + (q + p) f3 n a ] \ 



\ -(q + p) 2 

9l3u(q + 2p) p + g vp (q - p) p - g pf3 (2q + p) u 



q 2 + ie 



9 ap - 



n q a q p — q-n(q a n p + q p n a ) 



q- 



e > 0, 



(13) 



where we have defined f acd f bcd = 5 ab C YM , and C ab = g 2 C YU 5 ab / (An 2 ). The 
integral in Eq. (|T^) is divergent; we shall regularize it with the help of two 
dimensional parameters, u and a, for the q- and go-integrals, respectively: 



d 3 q 



d 2 "q. 



dq -» d 2a q , 



P 



P. 



(14) 



with the limits u 



| and o — > | to be taken after all integrations have 
been completed. In this context, the three-dimensional p- vector is replaced 
by the 2o;-dimensional vector P. Expansion of the integrand of Eq. (|i~3|) 
consequently gives rise to about 40 noncovariant integrals of the type 

d 2 °q d 2 "qf(q) f d 2 > d 2 "q g(q) 



q 2 (q + P) 2 

d 2a q d 2uJ qh(q) 
q 2 (q + P) 2 q 2 (q + P) 2 



q 2 (q + P) 2 (q + P) 2 



(15) 
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where ie-terms have been suppressed for clarity. We describe the method- 
ology for computing these Coulomb-gauge integrals in Section 3, where the 
need for two distinct regularizing parameters will become apparent. 



3 Procedure for Coulomb-gauge integrals 

By a Coulomb-gauge integral we mean any Feynman integral containing one 
or more three-dimensional factors such as 

1 1 



etc. 



<f 2 ' (g + P) 2 ' 

These noncovariant propagators give rise to spurious singularities which nec- 
essarily complicate the integration. In this section, we propose a new method 
for evaluating Coulomb-gauge Feynman integrals. We shall illustrate our 
technique by calculating the Minkowski-space integral 

J= [ d2<7q ° g ° (16) 

J (27r) 2 -+ 2 -(g 2 + ie)(g + P) 2 ' 

Note that if we take a = |, the integration over g diverges regardless of the 
value of u. To see the true nature of this divergence, we may use the identity 
Qo = <7 2 + <? 2 to obtain J = J x + J 2 , where 

_ r d 2CT g d 2 "g _ r d 2 °g d 2 "g (g 2 - ie) 



(27r) 2CT + 2 -(g + P) 2 J (2tt) 2ct + 2 - (g 2 + ie)(g + P) 2 

The divergence as a — > | occurs only in J\. Since the denominator of the 
integrand of J\ does not involve go, the integral is easily factored into space 
and time parts, both of which may be shown to vanish using conventional 
dimensional regularization: 

7 — => = 0, Rea < 0, Recj < 1. (18) 

(27r) 2CT i (27r) 2 -(g + P) 2 1 ^ 

In fact, the go-integral is just a £ 2<J (0)-integral, while the q- integral corre- 
sponds to a massless tadpole [^, ^7| . We now see the need for two distinct 
regularizing parameters: if either of the limits u — > | or er — > | were to be 
taken before integration, J\ would be undefined. 

Although a Wick rotation is clearly not needed in the evaluation of J\, 
in the general case we may use one provided that we first integrate out the 
angular part of d 2<T go in the standard way, i.e., 



6 



The integral over the arc at infinity vanishes when the allowed values of a 
are suitably restricted, as in Eq. (|18|). 

For J 2 , we begin with a Wick rotation to Euclidean space, 

(27r) 2 »+ 2 "J (f+P)V 
and then perform the integration in three steps: 

1. It is convenient, although not essential, to use Feynman's formula 

-!-= / 1 da;M+(l-x) J B]- 2 , (20) 
/lis Jo 

so that 

J2 = , -* r d x / d2 ^ ^ „ , (2D 

(2tt) 2 -+ 2 -7o 7 [(l-x)gl + g 2 + 2a;g-P + xP 2 ] 2 
and then apply exponential parametrization to the denominator: 

J 2 = ^^^^dx^daae-^/d^gV^/d^e"^, (22) 

with 

G = xP 2 , U = q 2 + 2xq-P, V = (1 - x)q\. (23) 
Two points are worth emphasizing: 

(a) While V in this example is purely quadratic in g 4 , in general V 
may also contain a term linear in g 4 . Hence, it is necessary to 
complete the square in g 4 before proceeding with the integration. 

(b) In contrast to the covariant-gauge case, the coefficient of q\ (in V) 
differs from that of q 2 (in U). 

2. Since q 2 and q\ have unequal coefficients, we re-scale the 2<7-dimensional 
g 4 -vector, 

V = (1 - x)q\ = R 2 , d 2a g 4 = (1 - x)~ a d 2a R, (24) 
and then use 



d ZUJ qq z e~ au = (~J + x z P z ) exp [ax z P 
/d-fle- = (I)*, (25) 
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to obtain 

(47T 2 ) u;+CT Jo JO J J (1 - x) a 

— i r 1 , f 00 da (a; + ax 2 P 2 ) r . 9 , -^ 9l . . 

= 7i s z / dx / — ^ r exp a x 2 -x P 2 . 26 

(4tt) w + ct 7o Jo (1 - x) CT 1 v 

3. The a-integration in Eq. (|26|) converges if Re (a; + a) < 1, while the 
x-integration converges if Re (u + cr) > and Recu > 1. Hence, there 
exists a region in the cua-plane where the whole integral is defined. 
Performing the integration in this region, we find that 

_ ioT(l -u- a)T(uj - VfTjuj + a) g2 ^ +g _i , , 

J2 " (47r)^r(2a; + a-l) (P } ' (2?) 

Finally, we analytically continue this result to four-dimensional space 
by taking uj ^ ^ and a — > | (in either order): 

J = Ji + J 2 = -—P 2 I{ + finite terms, (28) 
3 



where I* is defined appropriately by 

t* a- * f f / d 2 "g /• d 2 "g 4 1 

ii = divergent part of / - — r-r- / 7 — — 177 ttt , (29) 

1 6 F J 2tt W 27r) 2a a 2 a + v) 2 



T(2-uj -a)(p 2 f +a - 2 . . 

divergent part of ; — : — ; , ( 30 ) 



1 



(Air) 2 (2 - lu - a) 



(31) 



Notice that the value of J in Eq. (p8|) depends on p 2 , rather than on 

The evaluation of Ji in the preceding example hinges decisively on the 
use of two complex regulating parameters lu and a, a drastic departure from 
conventional dimensional regularization with its single regulating parameter 
lu. The conventional approach was actually applied to the integral J a couple 
of years ago by one of the present authors. Although the final result looked 
quite reasonable, its validity was questioned by J. C. Taylor [EM], who noted 
that the integrals over the Feynman parameters were ill-defined. 
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The next example will serve to illustrate the nonlocality of certain Coul- 
omb-gauge integrals. Consider the integral /, containing two covariant prop- 
agators, and one noncovariant propagator: 

,Mink. d 2a q d 2uJ q 

(2 7 r) 2ff + 2 « (q 2 + ie) [(q + p) 2 + ie] (q + p ) 2 ' C> ' 

• [ Euch d 2 °q A <P»q 2 2 2 

V (27r) 2 -+ 2 V(g + p) 2 (g + p) 2 ' q q ' 

where the same lower case p has been used for convenience for both the four- 
vector p and the corresponding (2u + 2<r)-dimensional vector. Recalling the 
formula 

— — = / dx dzz daa 2 exp{-a\C + z{B - C) + zx{A - B)}), (33) 
ABC Jo Jo Jo 

we may write Eq. ( p2^) initially as 

i 



dx [ dzD, (34) 



with 



(2tt) 2ct + 2w Jo Jo 
J™ da a 2 e~ aG J d 2 "q e~ aU J d 2CT g 4 e~ aV , (35) 

G = (1 — ZX)p 2 + ^(1 — x)j)4, 

[/ = g 2 + 2(1 — zx)q-p, 

V = zg 2 + 22(1 - x)p 4 g 4 = z[g 4 + (1 - x)p^\ 2 - z(l - x) 2 p\. 

We then complete the square in g 4 (see comment (a) in Step 1), and execute 
Step 2 by re-scaling the g 4 - vector according to 

z[q 4 + (1 - x)p 4 } 2 = R 2 , d 2a q 4 = z~ u d 2u R. (36) 

Integrating over d 2uJ q, d 2r7 R, and then da, we readily obtain 

r w+CT r°° da 



7T TU f°° da ( r , \ 2 / -t x ->• 

= —J ^^^v{-azx[{l-x)p A + {l-zx)p- 

■K w+a Y{?,-u - a) 



Z' 7 - 1 (ZX pZy-^-a 



1 — X 



' 2 1 -*2 \ 1 ^+0"— 3 

pl + zp X 



(37) 



In order to complete the remaining integrations from Eq. (|34j) , we first expand 
the square brackets in Eq. (|37"|), and note that only the first term contributes 
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to the divergent part of I as u> — > | and a — > ~ . Hence, 



ir(3 — uj — a) r , , , 

+ finite terms, (38) 



(47r ) W+<T (p 2 ) 3 - a '-°'(a; + o- - 2) (a; - 1) 



= — =I\ + finite terms, (39) 
where I* is defined in Eq. (|29|). Similarly, one may show that 



/ 



Mink. d 2a q d 2uj q 2i 

(2n) 2 ^(q 2 + ie)[(q + p) 2 + ie}q 2 = + finite t6rmS - (40) 



The appearance of nonlocal Feynman integrals, such as Eqs. fl39|) and 
(]40[) , is both necessary and sufficient for the internal consistency of one- loop 
integrals in the Coulomb gauge. Nor is it entirely unexpected, considering 
the noncovariant nature of that gauge. After all, we have known for some 
time that axial gauges likewise lead not only to nonlocal Feynman integrals, 
but also to a nonlocal Yang-Mills self-energy [[[]. 0- |3(J . We should emphasize 
that the nonlocality in Eqs. (|39|) and (f40| ) is not caused by our particular way 
of regularizing the integrals, i.e. by split dimensional regularization, since the 
same result is also obtained with conventional dimensional regularization. 

4 The self-energy Ufy 

Computations in the Coulomb gauge never seem particularly enjoyable or 
uplifting. Too many trivial things can and do go wrong, and the compilation 
of Feynman integrals seems to take forever. Needless to say, we were more 
than relieved to see the various results converge to manageable form. For 
technical reasons, we have chosen to evaluate the Yang-Mills self-energy n^, 
Eq. fll3"D , in Euclidean space. Here is our final result for H°^(p), written 
covariantly in Minkowski space: 



n£(p) = ic ab 



Ap-n. s , d>p 2 nan v 

^^-{p^n u + pvU^) + — 

3 n z 3 n z 



/*, (41) 



where n M = (1,0,0,0), C ab = g 2 C YM 5 ab /(4vr 2 ), and I\ is defined in Eq. 
This result for the Yang-Mills self-energy possesses the following significant 
features: 
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1. n^(p) is nontransverse in the Coulomb gauge. 

2. Despite the appearance of nonlocal integrals at intermediate stages of 
the computation, II"* (p) is a local function of the external momentum 

3. Ghosts play an essential role, despite the noncovariant nature of the 
Coulomb gauge. (See Section 5.) 

4. Apart from the complex parameters a and u, defining split dimensional 
regularization, no additional parameters are needed to evaluate 11"^ (p). 

5. All one- loop integrals in the Coulomb gauge are ambiguity-free; they 
are consistent, at least in the context of split dimensional regularization, 
with the values of the following integrals: 

d 2M q d 2M q f( q j d 2u J +2a g 



f d q j (gj 



q 2 q 2 J q 2 (q + p) 2 J (q+p) 2 (q+p) 2 

where f(q) is any polynomial in the components of q. The latter in- 
tegrals are the analogues of tadpole-like integrals which are known to 
appear in axial gauges, for example |I| 

d 2u q ^ d 2u Jg ^ d 2 "g = Q 

J (q-n) 2 J (q-n)q 2 J (q-n)((q — p)-ri) 

5 Verification of the Ward identity 



It has been known for some time p3L B3, BO, IBTj, B2I, F3, F31 that ghosts 



play a crucial role in the renormalization of non-Abelian theories, regardless 
whether the applied gauge is covariant or noncovariant. This conclusion holds 
not only for the noncovariant gauges of the axial kind, such as the planar 
gauge and the light-cone gauge, but also for our Coulomb gauge. In this 
section, we shall examine the role played by ghosts in obtaining the correct 
Ward/BRS identity for IlJ(p). 

Referring to Section 2 for the various definitions of S, C, J 7 ® , etc., we 
recall that the action S satisfies the Becchi-Rouet-Stora identity |54], |66], ^7 



aS = / d 4 x 



5S 5 SS 5 

+ , T , , , , , N + 



SAfa) 5J-(x) 5J«{x) SAfa) 

S = 0, (44) 



SS S SS S 

+ 



5u a (x) SK a (x) SK a (x) Su a (x) 
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Figure 2: Ghost-loop needed for the Ward identity (48). 



and the ghost equation 



5uJ a (x) M 5J b (x) 



0. 



(45) 



cr being the Slavnov- Taylor operator, cr 2 = 0. It is advantageous to work 
with the vertex generating functional T for one-particle-irreducible Green 
functions with the gauge-fixing term omitted. The one-loop divergent parts 
D of the generating functional T must then obey the BRS identity ]55], [53], ^3 

6S 5 5S 5 



oD 



d 4 x 



SAfa) 5 J fa) 



+ 



8 J fa) 8Afa) 



+ 



5S 



5 



+ 



5S 



S 



D = 0. 



(46) 



Differentiation of Eq. 



5 2 (aD) 



5u a (x) 5K a (x) ' 5K a (x) 5u a (x) 
with respect to A b v (y) and u c (z) yields eventually 



5uj c (z)5A b (y) 



d 4 x 



6 2 S 



5 2 D 



5u c (z)5Jfa) 5Afa)6A b (y) 
5 2 S 5 2 D 



+ 



0. (47) 



A,J,K,w=0 



5A b (y)5Afa) 5ujc(z)5Jfa)_ 

Interpreting the functional derivatives fl6~0 |, and Fourier-transforming to 
momentum space, we obtain from Eq. (flTf ) the following Ward identity in 
Minkowski space: 

p"Il£(p) + (g, uP 2 - p,p v )H ab ^p) = 0, (48) 

or, graphically, 

p^ x (Figure 1) + (g^p 2 - p^p u ) x (Figure 2) = 0. (49) 

It remains to evaluate the ghost contribution H abll (p), corresponding to Fig- 
ure 2, and then to check whether the computed values for if af>M (p), together 
with Ii ab p (p) from Eq. (gj), respect the Ward/BRS identity flU). 
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In order to compute H abfl (p), we employ the gluon propagator in Eq. (|9]), 
the ghost propagator in Eq. (|T2|) , the J a -A e -u d vertex factor —gf aed , and the 
A e -U d -u c vertex factor {p^ — n-pn^)gf dce [[xj. Hence, 

H ab ^{p) 

<-\ 2 \r ab f d4g (PP~ n 'P n ^ 
{ ' J (g 2 + ie)(g + p) 2 

= \c ah (> - ^r/) I{ , n, = (1,0,0,0), (50) 

which agrees with reference |)9| . We see that the respective values for IT^ (p) 
in Eq. (0), and # a ^(p) in Eq. (H), do indeed satisfy the Ward/BRS identity 

GD- 

6 Conclusion 

In this article we have suggested a new procedure, called split dimensional 
regularization , for regularizing Feynman integrals in the Coulomb gauge 
V-A a = 0. The principal feature of this procedure is the use of two complex 
parameters, u and a, which permit us to control more effectively the re- 
spective divergences arising from the d 3 q- and dg4-integrations. The method 
leads to ambiguity-free and internally consistent integrals which may be ei- 
ther local or nonlocal, and are characterized by pole terms proportional to 
r(2 — u) — a), rather than r(2 — uo) (as in conventional dimensional regu- 
larization []70|, [71], (56[). No additional parameters, apart from uj and a, are 
needed to evaluate these integrals. 

To test the method of split dimensional regularization at the one-loop 
level, we calculated the Yang-Mills self-energy 11^ (p). The latter turned out 
to be nontransverse, but local, despite the appearance of nonlocal integrals 
at intermediate stages of the computation. A further check was provided 
by the Ward/BRS identity, Eq. (H), which consists of the self-energy Ii ab u (p) 
in Eq. (f|l]), and the ghost-loop contribution given in Eq. (0). The fact that 
both contributions together respect the Ward identity underscores once again 
the significance of ghosts, even in the case of noncovariant gauges such as 
the Coulomb gauge. 

Although the present results seem encouraging, it is too early to predict 
whether or not the method of split dimensional regularization is destined to 



qV-qP _ q-nicfn^ + q^n 11 ) 
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survive into the 21st century as a viable prescription for the Coulomb gauge. 
Clearly, more calculations are needed, particularly at two and three loops, 
before split dimensional regularization can be placed on a firm mathematical 
footing, similar to the successful n*-prescription for axial gauges. 
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Appendix 

Table 1 shows about half of the integrals needed in the evaluation of 
n^(p) and H ab>1 (p). The others may be obtained by means of the transfor- 
mation p — > — p, followed by q — > q + p, applied to all components of p and 
q in A, B, and the body of the table. See also Eq. ([42]). 

The integrals in Table 1 were calculated using the efficient technique de- 
scribed in reference [[F3] . Briefly, the most complex B was first parametrized 
in accordance with the four-factor analog of Eq. (0). Integration over d 2uJ q 
and d 2cr g4 was then carried out for the A = 1 case, and the result differ- 
entiated repeatedly to obtain momentum integrals for the other eight A's. 
Finally, parameter integrations tailored to various different B's were applied 
to each of the momentum integrals. 
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Table 1: Divergent parts of some Coulomb-gauge integrals in Euclidean 
space, as lu -> § and a -> |. = p;<5 jfe + + p fe <%; i, j, fc = 1, 2, 3. All 
entries are implicitly multiplied by I* (see Eq. (31)). 



A 


d 2w g d 2<T g 4 A 
I (2it)^+ 2 ° B 


1 

Qi 


2 

4 




-2/p 2 




-Vp 2 




-4/(p 2 p 2 ) 

2 Pi /(pV) 
2p 4 /(p 2 p 2 ) 


QiQj 
q%q<t 
<& 


J^PiPj ~ 15P ^ij 



-r 


15.. 


1 




-2 


-2p iPj /{p 2 p 2 ) 
-2pip 4 /(p 2 p 2 ) 
-2p 2 /(p 2 p 2 ) 


ml 




1 771 

10 l i k 

-\Pi 


15 y fc 



4 

aft 


2piPjPk/ (p 2 p 2 ) 
2piPjp 4 /(p 2 p 2 ) 

2piP 2 J{p 2 p 2 ) 


*{ 


g 2 (g + p) 2 


q 2 (q + p) 2 q 2 


q 2 (q + p) 2 q 2 


q 2 (q + p) 2 (q + p) 2 q 2 



References 

[1] G. Leibbrandt, Noncovariant Gauges (World Scientific, Singapore, 
1994). 

[2] K. Johnson, Ann. Phys. (N.Y.) 10 (1960) 536. 

[3] C.R. Hagen, Phys. Rev. 130 (1963) 813. 

[4] J. Schwinger, Phys. Rev. 127 (1962) 324. 

[5] N.H. Christ and T.D. Lee, Phys. Rev. D22 (1980) 939. 

[6] R.N. Mohapatra, Phys. Rev. D4 (1971) 378. 

[7] V.N. Gribov, Materials for the XII Winter School of the Leningrad Nu- 
clear Research Institute, Vol. 1 (1977) 147. 

[8] V.N. Gribov, Nucl. Phys. B139 (1978) 1. 

[9] S. Mandelstam, Lecture at the American Physical Society Meeting, 
Washington D.C. (1977), unpublished. 

15 



[10] I.M. Singer, Commun. Math. Phys. 60 (1978) 7. 

[11] R. Jackiw, I.J. Muzinich and C. Rebbi, Phys. Rev. D17 (1978) 1576. 

[12] I.J. Muzinich and F.E. Paige, Phys. Rev. D21 (1980) 1151. 

[13] J.R. Sapirstein, Phys. Rev. Lett. 47 (1981) 1723. 

[14] J.R. Sapirstein, Phys. Rev. Lett. 51 (1983) 985. 

[15] R. Utiyama and J. Sakamoto, Prog. Theor. Phys. 55 (1976) 1631. 

[16] D. Heckathorn, Nucl. Phys. B156 (1979) 328. 

[17] G.S. Adkins, Phys. Rev. D27 (1983) 1814. 

[18] G.S. Adkins, Phys. Rev. D34 (1986) 2489. 

[19] J. Frenkel and J.C. Taylor, Nucl. Phys. B109 (1976) 439. 

[20] A. Burnel, Phys. Rev. D32 (1985) 450. 

[21] H.S. Chan and M.B. Halpern, Phys. Rev. D33 (1986) 540. 

[22] RJ. Doust, Ann. Phys. (N.Y.) 177 (1987) 169. 

[23] H. Cheng and Er-Cheng Tsai, Phys. Rev. Lett. 57 (1986) 511. 

[24] H. Cheng and Er-Cheng Tsai, Phys. Rev. D34 (1986) 3858. 

[25] H. Cheng and Er-Cheng Tsai, Phys. Rev. D36 (1987) 3196. 

[26] P.J. Doust and J.C. Taylor, Phys. Lett. B197 (1987) 232. 

[27] R. Friedberg, T.D. Lee, Y. Pang and H.C. Ren, "A soluble gauge model 
with Gribov-type copies", Columbia University Preprint CU-TP-689 
(1995). 

[28] S. Mandelstam, Nucl. Phys. B213 (1983) 149. 

[29] Physical and Nonstandard Gauges , eds. P. Gaigg, W. Kummer and 
M. Schweda, Lecture Notes in Physics, Vol. 361 (Springer- Verlag, Berlin, 
1990). 



16 



[30] A. 

Bassetto, G. Nardelli and R. Soldati, Yang-Mills Theories in Algebraic 
Non-Covariant Gauges (World Scientific, Singapore, 1991). 

[31] J.C Taylor, in Physical and Nonstandard Gauges , eds. P. Gaigg, 
W. Kummer and M. Schweda, Lecture Notes in Physics, Vol. 361 
( Springer- Verlag, Berlin, 1990) p. 137. 

[32] L.E. Evans and T. Fulton, Nucl. Phys. 21 (1960) 492. 

[33] L.E. Evans, Ann. Phys. (N.Y.) 13 (1961) 268. 

[34] LB. Khriplovich, Sov. J. Nucl. Phys. 10 (1970) 235. 

[35] S.L. Adler and A.C. Davis, Nucl. Phys. B244 (1984) 469. 

[36] A.C. Davis and A.M. Matheson, Nucl. Phys. B246 (1984) 203. 

[37] S.L. Adler, Prog. Theor. Phys. Suppl. no. 86 (1986) 12. 

[38] J. Dimock, Ann. Inst. Henri Poincare - Phys. 43(2) (1985) 167. 

[39] A. Kocic, Phys. Rev. D33 (1986) 1785. 

[40] E.B. Manoukian, J. Phys. G - NU 13(8) (1987) 1013. 

[41] M.P. Benjwal, S. Kumar and D.C. Joshi, Acta Phys. Polomca B18(12) 
(1987) 1077. 

[42] V. Galina and K.S. Viswanathan, Phys. Rev. D38 (1988) 2000. 
[43] R. Alkofer and P.A. Amundsen, Nucl. Phys. B306 (1988) 305. 
[44] C.W. Gardiner and P.D. Drummond, Phys. Rev. A38 (1988) 4897. 
[45] K. Langfeld, R. Alkofer and P.A. Amundsen, Z. Phys. C42 (1989) 159. 
[46] R. Alkofer, P.A. Amundsen and K. Langfeld, Z. Phys. C42 (1989) 199. 
[47] S.K. Kim, Phys. Rev. D41 (1990) 3792; D43 (1991) 2046. 
[48] A.C. 

Kalloniatis and R.J. Crewther, in Physical and Nonstandard Gauges , 
eds. P. Gaigg, W. Kummer and M. Schweda, Lecture Notes in Physics, 
Vol. 361 (Springer- Verlag, Berlin, 1990) p. 145. 

17 



[49] G. Dell' Antonio and D. Zwanziger, Commun. Math. Phys. 138 (1991) 
291. 

[50] J.A. Magpantay, Prog. Theor. Phys. 91 (1994) 573. 

[51] Y. Nakawaki, A. Tanaka and K. Ozaki, Prog. Theor. Phys. 91 (1994) 
579. 

[52] G. Esposito and A.Yu. Kamenshchik, Phys. Lett. B336 (1994) 324. 
[53] S.-L. Nyeo, Phys. Rev. D36 (1987) 2512. 

[54] C. Becchi, A. Rouet and R. Stora, Phys. Lett. B52 (1974) 344; Commun. 
Math. Phys. 42 (1975) 127. 

[55] G. Leibbrandt, Rev. Mod. Phys. 59 (1987) 1067. 

[56] G. 't Hooft and M. Veltman, Nucl. Phys. B44 (1972) 189. For a review, 
see G. Leibbrandt, Rev. Mod. Phys. 47 (1975) 849. 

[57] D.M. Capper and G. Leibbrandt, Nuovo Cimento Lett. 6 (1973) 117. 

[58] J.C. Taylor, private correspondence, dated 4 August, 1994, at DAMTP, 
Cambridge, UK. 

[59] G. Leibbrandt, Phys. Rev. D29 (1984) 1699. 

[60] H. Kluberg-Stern and J.-B. Zuber, Phys. Rev. D12 (1975) 467,482. 

[61] C. Itzykson and J.-B. Zuber, Quantum Field Theory (McGraw-Hill, 
New York, 1980). 

[62] A.I. MiPshtein and V.S. Fadin, Yad. Fiz. 34 (1981) 1403 [Sov. J. Nucl. 
Phys. 34 (1981) 779]. 

[63] A. Andrasi and J.C. Taylor, Nucl. Phys. B192 (1981) 283. 

[64] A. Andrasi, G. Leibbrandt and S.-L. Nyeo, Nucl. Phys. B276 (1986) 
445. 

[65] G. Leibbrandt and S.-L. Nyeo, Nucl. Phys. B276 (1986) 459. 
[66] J.C. Taylor, Nucl. Phys. B33 (1971) 436. 



18 



[67] A.A. Slavnov, Theor. Math. Phys. (USSR) 10 (1972) 153 (in Russian) 
[10, 99 (English translation)]. 

[68] The authors are grateful to S.-L. Nyeo for showing them how to derive 
the Ward identity in Eq. ([48]) in the Coulomb gauge. 

[69] S.-L. Nyeo, unpublished notes (April 8, 1987). 

[70] C.G. Bollini and J.J. Giambiagi, Nuovo Cimento B12 (1972) 20. 

[71] J.F. Ashmore, Nuovo Cimento Lett. 4 (1972) 289; Commun. Math. Phys. 
29 (1973) 177. 

[72] G. Leibbrandt and J. Williams, Nucl. Phys. B440 (1995) 573. 



19 



This figure "figl-l.png" is available in "png" format from: 



http://arXiv.org/ps/hep-th/9601046v2 



